We followed the evolution of the normal and superconducting properties of Al thin films after each session of various successive oxygen irradiations at ambient temperature. Such irradiated films, similar to the granular ones, exhibit enhanced superconductivity, Kondo behavior and negativecurvature resistivity. Two distinct roles of oxygen are identified: as a damage-causing projectile and as an implanted oxidizing agent. The former gives rise to the processes involved in the conventional recovery stages. The latter, considered within the context of the Cabrera-Mott model, gives rise to a multistep process which involves charges transfer and creation of stabilized vacancies and charged defects. Based on the outcome of this multistep process, we consider (i) the negative curvature resistivity as a manifestation of a thermally-assisted liberation of trapped electric charges, (ii) the Kondo contribution as a spin-flip scattering from paramagnetic, color-center-type defects, and (iii) the enhancement of Tc as being due to a lattice softening facilitated by the stabilized defects and vacancies. The similarity in the phase diagrams of granular and irradiated films as well as the aging effects are discussed along the same line of reasoning.
I. INTRODUCTION
Generally, controlled incorporation of a chemicallyactive element into a metallic superconducting thin film induces a drastic modification in its normal and superconducting phase diagram.
1,2 The modification in the superconductivity can be illustrated by the increase of the transition points, T c , of oxygen-incorporated Al films by up to a factor of three. [3] [4] [5] [6] The modifications in the normal state, on the other hand, are not less spectacular: (i) Although both Al and O are nonmagnetic, oxygenincorporated Al film exhibits a (∼10 K) Kondo behavior that competes with the superconducting state 3,4 and (ii) its resistivity exhibits a negative curvature (NCR) at ∼300 K with a deviation downwards away from the linear-in-T behavior. 3, 4 It is remarkable that (i) these induced features are evident in both the granular films [1] [2] [3] [4] (oxygen is incorporated during the codeposition process) and irradiated films 6 (oxygen is implanted posterior to film synthesis), (ii) the T c enhancement follows a dome-like behavior 3, 4, 7 reminiscent of the case of HTc cuprates, and (iii) the NCR feature is unique and has no resemblance to the recovery stages usually observed in pure Al films. 8 Historically, the induced features of granular films had been treated separately from those appearing in irradiated ones. Similarly, each feature had been treated as if independent of the others. Moreover, none of them had been correlated with the kinetics of defects (interstitials, vacancies, etc. see Fig.1 ) even when these are introduced by such a damage-causing irradiation process. As a result of these historical approaches, much of the essential features (and their driving mechanisms) of the normal and superconducting phase diagrams of the irradiated and granular films are not well clarified.
In this work we systematically studied the evolution of the normal and superconducting properties of Al thin film when oxygen is progressively incorporated via irradiation at ambient temperature. A phase diagram is constructed from the events manifested in the resistivity curves. We analyzed such a phase diagram and identified the region of operation for each of NCR, the Kondo behavior and the enhancement of T c . We discuss the mechanisms involved in each effect.
Our experimental methods and materials are presented in Sec. II, the results and analysis are in Sec. III, while the discussion and a summary are given in Sec. IV.
II. EXPERIMENTAL
Thin films of 400 µm×10 µm×90 nm were prepared at room temperature by sputtering Al on a lithographed Si/SiO 2 substrate with Ti/Au contact pads. Electron microscopy images indicate a grain size of ∼60 nm. Such thin films were irradiated 9 with O − ions at room temperature; seven consecutive implantation sessions were carried out (see Table I ). We observed no significant dependence of the studied properties on the implantation depth profile when using energies of 10, 23, or 30 keV.
The influence of each irradiation was followed by DC/AC four-point resistivity measurements both in situ, during irradiations, as well as ex situ. The latter ones were measured as a function of time, temperature, magnetic field and fluence after each nth irradiation session: ρ(t, T, H, nth). Routinely, ρ(T, H,nth) was measured, directly after nth irradiation, during the cooling down to ∼1.7K and, afterwards, the warming up to ∼320K:
Except for aging effects, the measurements were reproducible and the obtained curves compare favorably with the ones reported for granular [1] [2] [3] [4] and irradiated films.
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Hall measurements on representative samples confirmed the earlier findings 10 that the major charge carriers are electrons and their density decreases with irradiation.
Based on analysis of thermal evolution of each ρ(t, T, H, x) curve, we identified all transition and crossover events. A plot of these temperature points versus x gives the T − x phase diagram of the O-irradiated thin films (x is the tunable parameter). We include in this very same phase diagram all the previously reported T (x) of granular [1] [2] [3] [4] and irradiated thin films. 6 It is worth mentioning that many of the reported T c (x) values were given as a function of ρ 300K (see e.g. Refs.3, and 4). Here, we maintain the same convention which, due to relaxation effects, corresponds to our extrapolated ρ ext 300K : At any rate this is essentially a parameter which can be substituted, with no loss of generality, by x or ρ o (the latter tracks the combined influence of the parameters appearing in ρ o = m/nτ e 2 ; all terms have their usual meanings).
III. RESULTS

A. The two classes of relaxation processes
Oxygen implantation is a violent process that leads to an unstable state. A drive towards equilibrium requires an activation of some relaxation channels. Different from neutron or electron irradiation, 8 O irradiation provides additional process(es) related to the Cabrera-Mott oxidation process 15 (see Fig. 1 ). Therefore, one expects (see Fig. 2 ) two classes of relaxation processes. The first class consists of conventional, relatively fast, relaxation processes, 8 which are manifested, for pure Al, as three recovery stages:
8 Stage I is dominant below ∼50 K; stage II is centered at ∼140 K, while stage III operates within 190< T <250 K. The second class consists of much slower (in weeks) relaxation processes and are dominant at sufficient O-implantation level and higher temperatures, T >250 K. As can be seen in Eqs. 1(a) -1(d) of Fig.1 , the overall process involves charge transfer, charge trapping, vacancies creation, defect migrations and annihilation, etc. 13 We show below that the processes associated with the second class are the driving factors behind the above-mentioned modifications in the phase diagram.
It is worth mentioning that (i) the reaction involving Eqs.(1a)-1(d) continues until equilibrium is established via opposing forces related to diffusion and disassociation. (ii) Oxidation in both the granular and irradiated films, in contrast to the exposed case, occurs within the film bulk/profile depth and, furthermore, the involved quantity of oxygen is fixed after ending the incorporation process. (iii) For the particular case of irradiated film, the initial uniformly distributed out-of-equibrium state relaxes back to equilibrium via the same two re- We consider that, during the codeposition process of a granular film, the incorporated oxygen does not enter as an idle and neutral entity, rather it does react with Al matrix, just as in the normal oxidation process of Cabrera-Mott leading to an interaction similar to that described in panels (a)-(c). Ultimately this accumulates into an extended nanosized grain. (e) Similar reaction occurring at the boundary of an isolated oxide grain of an irradiated film. In all cases, incorporated and ionized oxygen are represented, with no loss of generality, by O2 and O − 2 .
laxation processes. As far as the incorporated oxygen is concerned, its reaction is similar to the oxidation process described by Eqs. (1a)-1(d). Ultimately, this leads to an incipient germination of centres of Al 2 O 3 which with further kinetics accumulates into a nano-sized bubble: The limitation into nanosized grains is identical to the case of nano-sized Al 2 O 3 surface in conventional oxidation of metallic Al. other and that all are much accentuated with each subsequent nth irradiation [ Fig. 3(a) ]. These features were not observed in conventional recovery stages; accordingly they must be associated with the second class of relaxation processes. In addition, there are aging effects that are much accentuated for T > T NCR ; in contrast, there are no signs of aging in ρ(t, T < T NCR , 7th) even when the film is repeatedly recycled within T < T NCR . The manifestation of a slow (in weeks) aging of both the position of T NCR and the magnitude of ρ(T NCR ) rules out any interpretation in terms of crystalline electric field splitting. It is worth adding that a similar aging effect had not been explicitly studied in Al granular film and that linear-in-T behavior for granular films were observed only for samples with ρ 300K < 100µΩ-cm.
After three months, ρ(T, 7th) traverses the NCR peak reversibly and with no hysteresis (though with a lower magnitude and a higher T NCR ): This nonhysteresis feature can be identified in the reported results of granular Al films.
3, 4 The similarity in both the reported and our T NCR (see plot of Fig. 5 ) reveals a similarity in the mechanism behind this NCR. Figure 3(d) indicates that the conductivity enhancement (T > T NCR ) occurs concomitantly with a decrease in the magnitude of Hall coefficient. We associate the NCR event to a thermally assisted liberation of trapped charges (with a binding potential of ∼ k B T NCR ). Such trapped charges are possibly electrons (neighboring an anionic vacancy) or holes or hole pairs (trapped near an oxygen ion which is adjacent to Al 3+ vacancy). 16 After reaching a steady state, such a disassociation-association process is reversible leading to a reproducible NCR peak at T NCR . It is worth mentioning that studies on γ-irradiated Al 2 O 3 identified a thermally assisted dissociation of hole pairs into single hole at 384 K and an annihilation of holes at 533 K.
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C. The Kondo behavior
On lowering the temperature much below T min K , we observed a log-in-T feature [ Fig. 4(b) ] as well as a negative magnetoresistivity [ Figs. 3(e) and 3(f)] that scales with H /T rather than the expected ( H /T ) 2 . Same H /T scaling can be observed in magnetoresistivity of granular films with ρ 300K < 100µΩ-cm (i.e. within a range similar to ours). 4 As that we did not observe a T considered to be 3d, we do not associate this scaling to a localization stemming from 2d quantum corrections. More compelling evidence of a Kondo-like behavior is the direct observation, by Bachar et al. 3, 4 , of free spins in oxygen-incorporated granular Al films. Similar to the NCR case, the Kondo behavior become more accentuated on subsequent nth irradiation [but degraded by aging as in Fig. 4(b) ]. We associate this Kondo contribution to scattering off irradiation-induced paramagnetic, color-center-type, defects located at the interface between Al and Al 2 O 3 grains. It is recalled that magnetic defects located at the Al-Al 2 O 3 interface had been suggested by various workers who studied the 1/f flux noise in Al-based SQUID.
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Moreover, such magnetic centers were observed in irradiated Al 2 O 3 by electron spin resonance studies and were attributed to either unpaired electrons which are trapped at an anion vacancy or to a hole trapped near an oxygen ion which is adjacent to Al 3+ vacancy. 16 On assuming that implantation has introduced complexes 20 (e.g., Al 2 O 3 ), which are capable of stabilizing these centers (see Fig. 1 ), one is able to explain the following: (i) Kondo 1-4 and irradiated films. 6 It is remarkable that all data, new and old, follow the same phase boundaries across the whole available region: This finding is far from being trivial.
Evidently, T c is enhanced monotonically at lower oxygen incorporation, passes through a maximum and afterwards decreases monotonically. Numerous theoretical models were suggested for the explanation of T c enhancement [see, e.g., Refs. 1, 2, 21-24]. One of these relates T c enhancement to quantum-size effects in shell structures 24 but various studies, including this work, indicate that grain-size character (spatial confinement) is not a decisive factor in T c enhancement. Magnetic-based mechanisms can also be ruled out since T c enhancement in Fig. 5 occurs much earlier than the region wherein possible magnetic fluctuation, if any, is expected. The BCS mechanism, 22 on the other hand, can not be excluded since it describes successfully the superconductivity of elemental Al and, by extension, the lower limit of this phase diagram (left-hand side of T c dome of Fig. 5) . Then, using a weak-limit BCS approximation, one expects to identify the essential ingredient behind T c enhancement. A variation in ∂T c (∂x) can be expressed in terms of a sum of a variation in Debye temperature θ D , in the pairing potential V arising from electron-phonon coupling λ, and in the density of states N F at Fermi energy:
The Hall effect 10 and specific heat 25 measurements on granular films indicated that N F decreases with x. Our Hall curves in Fig.3(d) do confirm this trend: While R H of as-prepared film is the same as -3.4×10
−13 Ωcm/G of pure Al, that of irradiated one is more negative and exhibits an upturn above T NCR . θ D , just as well decrease with x. 25 Then, T c enhancement must be related to an increase in V which, in turn, is related to λ.
26 Indeed, Fig. 3(b) confirms this increase in λ by demonstrating an increase in the metallic slope 27 (∂ρ/∂T ) 100-220 K with x.
In fact it is almost three times higher than the 12 nΩ-cmK −1 reported for bulk Al.
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We associate such an increase in λ, V , and T c enhancement 22, 28 to a softening of the lattice, which is facilitated by the presence of vacancies that are created and stabilized during the "oxidation-like" process. Thus aging of T c is driven by partial removal of these softeninginducing defects (by recombination, sinking, etc. 13 ). The presence of such an aging process explains the manifestation of two T c (x) branches in Fig. 5 : One branch is associated with T >TNCR c of films deposited or irradiated above T NCR , 5, 17 while the other with T
